Loading of the phage T4 sliding clamp gp45 by the gp44/62 clamp loader onto DNA to form the holoenzyme and their disassembly pathways were investigated using FRET-based single-molecule and ensemble kinetic studies. gp44/62-mediated assembly of gp45 onto the DNA involves a rate-limiting conformational rearrangement of the gp45−gp44/62−DNA complex. Single-molecule measurements revealed the intermediates in gp45 loading and their interconversion, suggesting that the assembly is not concerted but is broken down into many small kinetic steps. Two populations of the gp45−gp44/62−DNA complex are formed on the end-blocked DNA that are poised to form the holoenzyme with the polymerase. In the absence of a polymerase, the two clamp populations dissociated from the DNA along with gp44/62 with distinct rates. In the presence of polymerase, holoenzyme assembly involved the recruitment of the polymerase to the gp45−gp44/62−DNA complex mediated by the chaperoning activity of gp44/62. This transient multiprotein complex then decomposed through an ATP hydrolysis−dependent exit of gp44/62 leaving the holoenzyme on DNA. The rate of dissociation of the holoenzyme from the DNA is sensitive to whether the DNA ends are blocked, underscoring its mobility on the DNA. A DNA replisome is responsible for the rapid and accurate replication of genomic DNA. The phage T4 holoenzyme (HE) is composed of the gp43 polymerase and the gp45 sliding clamp. The gp45 homotrimeric ring clamp increases the processivity of gp43. It has one of its subunit interfaces partially open in solution (1, 2) and is loaded onto DNA by an ATP-dependent gp44/ 62 clamp loader. The intersubunit ATP binding sites of gp44 subunits are well suited for intersubunit communication on ATP binding and hydrolysis as revealed in a recent crystal structure of the gp45−gp44/62−DNA complex (3, 4). The ATP bound form of gp44/62 binds and opens the clamp further to facilitate its loading onto the DNA (5). The clamp interacts with gp43 recruited to the DNA primer-template (P-T) junction to form an HE (6, 7).
A DNA replisome is responsible for the rapid and accurate replication of genomic DNA. The phage T4 holoenzyme (HE) is composed of the gp43 polymerase and the gp45 sliding clamp. The gp45 homotrimeric ring clamp increases the processivity of gp43. It has one of its subunit interfaces partially open in solution (1, 2) and is loaded onto DNA by an ATP-dependent gp44/ 62 clamp loader. The intersubunit ATP binding sites of gp44 subunits are well suited for intersubunit communication on ATP binding and hydrolysis as revealed in a recent crystal structure of the gp45−gp44/62−DNA complex (3, 4) . The ATP bound form of gp44/62 binds and opens the clamp further to facilitate its loading onto the DNA (5) . The clamp interacts with gp43 recruited to the DNA primer-template (P-T) junction to form an HE (6, 7) .
The sequence of events that leads to gp45 loading onto DNA by gp44/62, which includes ATP consumption and stoichiometry, dynamics of ring opening and closing, and possible pathways of assembly, has been studied in detail (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Here, we examine gp45 loading on DNA using a FRET-based assay involving a Cy5-gp45 and a Cy3-DNA substrate. This assay directly monitors gp45 loading onto DNA. Previous studies have examined elements of this mechanism by following the clamp ring opening and closing through distance changes derived from intersubunit FRET signals (11, 17) . By using the FRET between DNA and clamp, we examined the ensemble kinetics of gp45 loading onto DNA mediated by gp44/62 and then the HE assembly. Experiments with ATP vs. ATPγS revealed the timing of gp44/62 departure. We carried out complementary studies at the singlemolecule level and observed a series of FRET states stemming from intermediates involved in gp45 loading onto DNA, whose rates of interconversion simulate the ensemble rate of gp45 loading.
gp45 loading produced two populations of gp45−gp44/62 on the DNA that are poised to form the HE with gp43. In the absence of gp43, gp45 dissociated from the DNA along with gp44/ 62. In the presence of gp43, gp44/62 chaperones gp43 to gp45, followed by the departure of gp44/62 in an ATP hydrolysis−dependent reaction to form the HE. Fig. 1A . The DNA substrate mimics an in vivo replication fork. The avidin block and flap DNA act to prevent the clamp from rapidly dissociating from the DNA. The locus of the Cy5 acceptor dye on gp45 is shown in SI Appendix, Fig. S1 . The position of the Cy3 dye was optimized as shown in SI Appendix, Fig. S2 A and B, and the fork with the donor/acceptor distance of 15 nt was generally used. gp45 loading onto DNA by gp44/62 gave rise to a peak at 665 nm from FRET between Cy3-DNA and Cy5-gp45 ( Fig. 1B ; SI Appendix, Fig. S2 C and D). The FRET between DNA and clamp was further confirmed by the absence of this peak without gp45−gp44/62 (Fig. 1B) . If ATP or ATPγS was excluded, no FRET signal was observed ( Fig. 1 ; SI Appendix, Fig. S2A ). These observations revealed that ATP binding was necessary for gp45 loading by gp44/62 onto DNA in agreement with previous studies (7, 12, 18) . Although the observation of a FRET in this case does not require the loaded clamp be closed around the DNA, previous work where the subunit interfaces of the clamp were labeled to create a FRET pair showed that under identical conditions the clamp would close (11, 17) .
Kinetics of gp45 Loading by gp44/62. The kinetics of clamp loading was measured by mixing a preassembled gp45−gp44/62−ATP complex with Cy3-DNA (Fig. 1C) . The traces for gp45 loading obtained by following the Cy5 FRET emission were fit to a single exponential equation. The effect of gp44/62 concentration on gp45 loading kinetics was probed by varying gp44/62 while keeping the others constant (100 nM; ATP 5 mM). The concentration of gp45 was chosen to minimize the spontaneous loading of the clamp that occurs at concentrations ≥500 nM (SI Appendix, Fig. S4 ). Moreover gp44/62 concentration relative to gp45 under all conditions is sufficient to capture all of gp45 in a gp45−gp44/62−ATP complex, where the K d is <10 nM (18, 32) . The traces were fit to a single exponential equation to obtain the rate constants (Fig. 1D) . The k obs values plotted against gp44/62 remained constant at 0.180 ± 0.047 s −1 (SI Appendix, Fig. S5A ). Loading experiments with DNA substrates, where the dye is 15, 20, and 30 nt away from the P-T junction, yielded the same rate constants (SI Appendix, Table S2 ). These unaltered rate constants support our contention that the dye is not bound by the gp45− gp44/62 complex so as to interfere with our measurements. This rate constant is also independent of gp45 and DNA concentrations. The amplitudes (SI Appendix, Fig. S5B ) displayed saturation of gp44/62 consistent with the K d for gp45−gp44/62−ATP and DNA dissociation being ∼450 nM. The dissociation of DNA from a gp45−gp44/62−ADP-BeF 3 − complex had a K d of ∼200 nM (6); we attribute the difference to probable ATP hydrolysis during our measurements. Consequently, the bimolecular association of the gp45−gp44/62 complex with DNA is fast and was not observed on the time scale of our experiments. The k obs value of Author contributions: S.K.P., T.-H.L., and S.J.B. designed research; S.K.P. and W.R. performed research; S.K.P., W.R., T.-H.L., and S.J.B. analyzed data; and S.K.P., T.-H.L., and S.J.B. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1212748110/-/DCSupplemental. 0.180 ± 0.047 s −1 suggested that gp45 assembly on DNA by gp44/62 encounters a rate-limiting conformational change. When the effect of avidin on the DNA was examined by excluding avidin, the kinetics remained unaltered with a rate constant of 0.161 ± 0.014 s −1 (SI Appendix, Fig. S6 ). When ATPγS was substituted for ATP, the rate constant (0.186 ± 0.044 s ) and the amplitudes for gp45 loading did not change significantly with gp44/62 concentration (SI Appendix, Fig. S3 B-D) . These data suggest that ATP hydrolysis may not be absolutely necessary for gp45 loading, in agreement with previous studies and those for Escherichia coli and yeast clamp loading (7, 12, (18) (19) (20) We carried out pull-down experiments (data and analyses in SI Appendix, Fig. S7 ). With ATPγS, we found a ratio of gp45/ DNA of 0.74 ± 0.12. With ATP, we found a ratio of gp45/DNA of 0.12 ± 0.04. The difference probably arises from the faster release of gp45 from gp45-gp44/62 when assembled by ATP vs. ATPγS (0.10 vs. 0.002 s −1 ). These results confirm that gp45 has been loaded onto the DNA.
HE Assembly on DNA. gp44/62 is essential for HE assembly on the DNA (6, 7). We examined the HE assembly by monitoring the FRET signal between DNA and gp45 in the presence of gp43 ( Fig. 2A) . A steady FRET signal obtained in the presence of gp43 (Fig. 2B) showed that gp43 associated stably with gp45 to form the HE. This FRET signal was two-to threefold more pronounced than that from gp45-gp44/62-ATP (Fig. 1B) and required an ATP hydrolysis-dependent gp44/62 departure, because with ATPγS there was no increase in the FRET signal when polymerase was included ( Fig. 2B ; SI Appendix, Fig. S8 ).
We then monitored the kinetics of the HE assembly as shown (Fig. 2C) ; the protein components were mixed with DNA in the presence of ATP. The assembly displayed biphasic kinetics over 10 s with rate constants k 1 of 3.0 ± 0.4 s −1 and k 2 of 0.135 ± 0.054 s −1 (Fig. 2D ). These rate constants were unaltered by gp43 concentrations (SI Appendix, Fig. S9A ). When the assembly was examined for up to 10 min (SI Appendix, Fig. S9B ), it displayed biphasic kinetics with a rate constant of 0.30 ± 0.05 s −1 that overlapped with the above k 2 and a k 3 of 0.003 ± 0.001 s −1
. These rate constants were also independent of gp43. When the kinetics of HE formation was examined in the absence of avidin, rate constants of 1.69 ± 0.09 and 0.12 ± 0.01 s −1 were obtained (SI Appendix, Fig. S10 ). The absence of a third phase suggests that it might arise from the interaction between the HE complex and the avidin block.
When the kinetics of the HE was examined in the presence of ATPγS, the fast phase corresponding to k 1 was absent, implying that k 1 is an ATP hydrolysis-dependent step reflecting gp44/62 departure (SI Appendix, Fig. S11A ). The data fit a single exponential with a rate constant of 0.0022 ± 0.0005 s −1
. The low value is consistent with ATPγS forming an unproductive gp45-gp44/62 complex, so that gp43 association with this complex is retarded.
Examination of HE assembly without gp44/62 can be achieved because gp45 is partially open and loads spontaneously on DNA (1) . When an excess of Cy5-gp45 was mixed with Cy3-DNA that lacks the avidin block, the loading was fast with a rate constant of 2.0 ± 0.1 s −1 (SI Appendix, Fig. S4 ), but the clamp dissociated rapidly (21) . When an excess of Cy5-gp45 clamp was mixed with the DNA·gp43 complex, spontaneously loaded gp45 formed the HE. The efficiency of the HE assembly is very low compared with that catalyzed by gp44/62. This HE assembly without gp44/62 displayed biphasic kinetics with rate constants of 0.17 ± 0.06 s ) that agree with the k 2 and k 3 values observed above when gp44/62 was included in the loading reaction. This finding further supports the premise that the fast rate of 3 s −1 corresponds to ATP hydrolysis associated with repositioning of gp44/62 after gp43 recruitment and its departure from the DNA. The slower steps observed after the departure or in the absence of gp44/62 suggest conformational changes that reposition gp45 within the HE complex relative to the DNA probe.
gp45 and HE Dissociation. The kinetics of gp45 dissociation from the DNA was measured directly from mixing a preassembled complex of Cy5-gp45·gp44/62·Cy3-DNA·avidin with a 10-fold excess of gp45 trap, and gp45 dissociation was measured as a decrease in the FRET signal (Fig. 3A) . The progress curves were fit to a double exponential equation with rate constants k 1 of 0.107 ± 0.010 s −1 and k 2 of 0.0023 ± 0.0004 s −1 and amplitudes of 52 ± 3% and 48 ± 3%, respectively. The rate constants and amplitudes were independent of the gp45 trap concentration, as well as the time of incubation to form the preassembled complex. The biphasic dissociation is consistent with the presence of two observable, noninterconverting populations of the complex.
The possibility of a sequential release of the clamp was ruled out by mixing a preassembled gp45-gp44/62·Cy3-DNA complex against the Cy5-gp45 trap (Fig. 3B) , and the kinetics of loading of the labeled gp45 trap reflected similar rate constants and amplitudes (0.160 ± 0.084 s −1 and 0.0023 ± 0.0004 s −1 and 41 ± 2% and 50 ± 3%, respectively), implicating the concomitant release of gp44/62 from the DNA. Identical rate constant and amplitudes were obtained (SI Appendix, Fig. S12 ) when the dissociation was measured with the 20-nt Cy3-DNA (SI Appendix, Fig S2A) .
However, in the absence of avidin, the dissociation showed a rate constant of 0.13 ± 0.014 s −1 (SI Appendix, Fig. S13 ) that matches the 0.16 s −1 above. No second population was observed. This finding suggests that the slowly dissociating population may be a consequence of gp45-gp44/62 interacting with avidin. These observations imply that in the absence of the avidin block, all gp45-gp44/62 species can diffuse along the DNA and be released to solution.
When the dissociation of the unproductive gp45-gp44/62 complex assembled in the presence of ATPγS was examined, it involved only a single phase with a rate constant of 0.001 ± 0.0003 s −1 (SI Appendix, Fig. S14 ). One interpretation is that this single population leaves the DNA primarily through subunit dissociation (0.0032 ± 0.0004 s
) because gp44/62 is still present. We also followed the HE dissociation kinetics with a complex preassembled from gp45-Cy5, gp44/62, gp43, DNA-Cy3, avidin, and ATP that was rapidly mixed with a 10-fold excess of the gp45 trap. HE formation is accompanied by a loss of gp44/62 (6, 7, 22) . Although the experiment only tracked the loss of the clamp, previous experiments showed that the loss of gp43 precluded or accompanied gp45 dissociation from the DNA (22, 23) . The dissociation of the HE was measured as a decrease in the FRET signal. The progress curves were fit to a single-exponential equation with a rate constant k off of 0.0016 ± 0.0004 s −1 (Fig. 3C ) in accord with the rate of subunit dissociation of the trimeric clamp (see below). The rate constant was independent of the trap gp45 concentration. We conclude that the presence of gp43 captures both populations of gp45-gp44/62 species, converting them to the HE.
When the HE dissociation was examined without avidin, it displayed biphasic kinetics with rate constants of 0.038 ± 0.0004 and 0.172 ± 0.013 s
; however, the amplitude of the latter phase is only 10% of the total amplitude (Fig. 3D) . We attribute this small population to the gp45-gp44/62 complex that has not formed HE even at fivefold excess of gp43. The avidin evidently prevents the rapid loss of the HE from the DNA, attesting to the mobility of HE. Importantly, the rate constant for the dissociation of the HE is three-to fourfold slower than the rate constant for the disassembly of the gp45-gp44/62 complex that is consistent with a more stable gp45 on DNA when in the form of a HE rather than in the gp45-gp44/62 complex. This finding has been previously deduced from the minimal stability of free gp45 on DNA (21) . Note that the rate constants of 0.038 and 0.13-0.17 s estimated for the dissociation of these complexes from previous studies (6, 8, 11, 24) .
gp45 Subunit Dissociation Kinetics. The kinetics of gp45 subunit exchange was monitored with the V163C-AEDANS protein as described in SI Appendix, and the data were fit to a single exponential equation to obtain a subunit exchange rate constant of 0.0032 ± 0.0004 s −1 (SI Appendix, Fig. S15 ). The exchange rates were also measured in the presence of gp44/62, gp43, and DNA and are similar to the k 2 observed above in the kinetics of clamp and HE dissociation from DNA. Thus, the intrinsic stability of gp45 subunits determines the stability of gp45 and gp43 on blocked DNA. The AEDANS gp45 FRET pair was also used to determine the dissociation constants of the trimeric clamp protein into subunits. The K d1 of 15 ± 4 nM and K d2 of 45 ± 12 nM were determined (SI Appendix, Fig. S16 ), suggesting that at the concentration (100 nM) used for single-molecule studies (see below), gp45 would predominantly exist as a trimeric ring.
Single-Molecule Studies of gp45 Loading. Single-molecule FRET (smFRET) provides a means to monitor and identify transient intermediates that cannot be easily observed in ensemble studies. Cy3-DNA was immobilized on a functionalized surface for the single-molecule analysis of gp45 loading (Fig. 4A) . On excitation at 532 nm, the fluorescence signals from Cy3-DNA and Cy5-gp45 were recorded until these dyes photobleached. In a representative fluorescence intensity trajectory (Fig. 4B) , Cy3 intensity decreases with a concomitant increase in Cy5 intensity. These anticorrelated transitions are typical signatures of the dynamic changes in the distance between the fluorophores and represent the time-resolved process of gp45 loading on the DNA. The trajectory of the smFRET efficiency calculated from the time trajectories is shown in Fig. 4C . The populations of the various intermediate states are reflected in the histogram constructed from the FRET efficiencies observed during loading (Fig. 4D) . We fit the histogram with various numbers of FRET states and concluded that four is the minimum number of states. The mean FRET values of the four states were obtained from a quadruple Gaussian distribution function. The smFRET traces were further analyzed with a five-state hidden Markov model including a zero FRET state (25) to obtain four predominant nonzero FRET states with FRET efficiencies of 0.18, 0.36, 0.52, and 0.78 involving transitions mostly between two neighboring states (SI Appendix, Fig.  S15 ) and rate constants that correspond to their interconversion (Fig. 4F) . No significant changes in the FRET states or the interconversion rates were observed in the presence of ATPγS.
The scheme describes the first FRET state as an initial encounter complex with a FRET efficiency of 0.18. This complex goes through two intermediates corresponding to states of 0.36 and 0.52 FRET efficiencies before forming the complex with a FRET efficiency of 0.78. Because many transient and long-lived 0.78 FRET events coexisted within a short duration of observation, we further analyzed the lifetime of this high FRET state. The duration of the smFRET events with a FRET efficiency of 0.7 or higher was measured to construct the lifetime histogram (Fig. 4E ) that was fit to single-to triple-exponential decay functions. The minimum number of lifetime components to fit the histogram properly was two, indicating that the 0.78 FRET state convolves two separate states. Lifetimes of 1.1 s and 77 ms were allocated to the two lifetime components. As for the ensemble kinetics, we propose one population, here the minor state (gp45-gp44/62-ATP-DNA in Fig. 4F ), probably arises from interactions of the gp45-gp44/62 complex with the avidin block.
To verify the single-molecule results, we simulated the ensemble kinetics based on the single-molecule kinetic scheme and rates in Fig. 4F (SI Appendix and SI Appendix, Figs. S16 and S17). We obtained apparent loading and unloading rates of 0.129 ± 0.004 and 0.107 ± 0.002 s , respectively, for loading and unloading). These results demonstrate that gp45 assembly on the DNA is partitioned into many states, so that the assembly is not a concerted mechanism but rather occurs in multiple small steps. From a combination of single-molecule and ensemble studies, we constructed a kinetic mechanism for the assembly and disassembly of gp45 and HE on the DNA by gp44/62 (Fig. 5) .
Discussion
The sliding clamps are conserved from prokaryotes to eukaryotes and act to increase the processivity of polymerases (26, 27) . The kinetic steps and intermediates in gp45 loading by gp44/62 onto the DNA have not been directly probed. Here we used a FRETbased approach to investigate a gp44/62-mediated gp45 loading pathway using Cy3-DNA and Cy5-gp45. This complements a previous study of gp45 loading that tracked distance changes at the subunit interface on gp45 ring opening and closing (11) . Unlike the previous methods, this intermolecular FRET assay between DNA and gp45 unequivocally reports on the gp45 assembly and disassembly on the DNA. A stable FRET between DNA and gp45 suggested that the gp44/62-gp45 complex efficiently assembled on the DNA. A stable FRET with ATPγS also confirmed that ATP binding to gp44/62 was sufficient to facilitate its binding to DNA. These observations are in agreement with previous observations and a recent structure of the gp45-gp44/ 62-DNA-ADP-BeF 3 − complex, where ATP analogs were bound at the ATPase sites of gp44/62 that revealed the interactions necessary for gp45 opening and those of the gp44/62-gp45 complex binding to the DNA (3). Unlike the E. coli and eukaryotic clamps, gp45 is partially open in solution (2, 11, 17, 28) , and as we show, can load onto DNA without ATP hydrolysis. The ATP-gp44/62 complex is sufficient to bind and stabilize the open clamp and then load it onto the DNA.
The kinetics of gp45 loading onto DNA displayed a singlephase exponential association, and differs from the replication factor C-mediated loading of the proliferating cell nuclear antigen clamp that displayed biphasic exponential kinetics (29) . The observed association rate of DNA and gp45-gp44/62-ATP was first order, indicating a rate-determining repositioning of gp45 after rapid binding, which is further supported by our single-molecule results revealing multistep rearrangement of gp45 on binding DNA before it can be stably loaded. Unexpectedly, the kinetics plateaued at levels that increased proportional to the increased concentration of the complex (SI Appendix, Fig. S4B ), a behavior not anticipated if the clamp loader was acting catalytically. Second, the steady-state rate for ATP hydrolysis at the level of the gp45-gp44/62-ATP complex in Fig. 3A is 469 nM/s (SI Appendix, Table S1 ) in good agreement with earlier data (7). This increased rate of ATP hydrolysis results from the ∼10-fold stimulation of ATP hydrolysis found for gp44/62 in the presence of DNA, further supporting the hypothesis that gp44/62 remains bound to gp45. Third, concordance between the rate constants for gp45 opening through subunit dissociation (k, 0.003 s −1 ) and the rate constants from the dissociation of the clamp species monitored in a competitive trapping experiments [k, 0.001 s −1 (ATPγS)] implies that gp44/62 has no effect on subunit exchange. An earlier study also found that the rate of gp45 subunit exchange did not change when complexed to gp44/62 (0.009 vs. 0.0067 s −1 ) (28). Finally, the rate constant agreement for the converse competitive trapping experiment (with labeled gp45 trap) is consistent with gp45-gp44/62 dissociating simultaneously. Thus, the collective data strongly support our conclusion that gp44/62 remains bound to DNA in the presence of gp45, and gp45·gp44/62 dissociates as a complex.
The two nearly equal populations observed in the dissociation of the gp45-gp44/62-ATP complex from DNA most likely represent one in which the clamp is closed around the DNA and one that is stabilized by the avidin block on DNA. Moreover, the contacts between DNA passing through the core of the gp45-gp44/62 complex would allow sliding of the complex, thus rationalizing the loss of the complex in the absence of a block.
In the presence of gp43, the data tell a different story. HE assembly in the presence of ATP displayed three rate constants: , remarkably similar to rate constants k 2 and k 3 with ATP. An earlier study found that ATP hydrolysis was biphasic with the amplitude equivalent to the hydrolysis of 4ATP, with a rate constant ranging from 3 to 9 s −1 (7). We conclude that k 1 reflects ATP hydrolysis. The decreased steady-state rate for ATP hydrolysis (124 nM/s; SI Appendix, Table S1 ) is consistent with the departure of gp44/62 after recruitment of gp43. The subsequent two steps observed for HE assembly apparently represent a repositioning of the gp43-gp45 complex relative to the DNA dye and the avidin block. The resultant HE found is active in primer extension (6, 16) . ATPγS does not support HE complex formation.
The question then is whether gp44/62 departed as a consequence of ATP hydrolysis, because unlike the clamp loader in E. coli, gp44/62 does not remain as part of the active replisome (6, 30, 31 ). An earlier study directly measured the timing of the departure of gp44/62 from the gp45-gp44/62-DNA complex and identified a multiprotein complex of gp45-gp44/62-gp43 formed before gp44/62 departure (7). The rate constant for loss of gp44/62 was 1.5 s ). Thus, it appears that departure of gp44/62 requires the presence of gp43 within the complex and not simply ATP hydrolysis. Although gp43 and gp44/62 are known to bind to the same side of gp45 (32) , the data argue for a transient precursor multiprotein complex leading to the HE (Fig. 5A) . The dissociation of the HE (both gp43 and gp45) is first order, consistent with the arrival of gp43 having converted the two gp44/ 62·gp45 species into one (Fig. 5A) . Note that the observed rate depends on the presence/absence of an avidin block; the translocation mobility of HE is evidenced by the fast rate of dissociation when the block is removed.
Intermediates that may form during the assembly of gp45 on the DNA (9, 11, 17, 33) were observed by using smFRET. Investigation of gp45 loading by gp44/62 in the presence of ATP at the single-molecule level revealed that the initial encounter complex of DNA and gp45 (0.18 FRET state) proceeds through three intermediates with FRET efficiencies of 0.36, 0.52, and 0.78 before it will form a successfully loaded complex (Fig. 4F) . The kinetic scheme and rates were used to simulate the ensemble loading experiment, and the rate constant is verified to be within a reasonable agreement (0.129 vs. 0.180 s ; SI Appendix and SI Appendix, Fig. S17 ). Although the two states may indicate a stochastic loading process, the minor population might arise from the complex interacting with the avidin block as found in the ensemble kinetics. The 0.78 FRET state can proceed further to form the HE with gp43 or go back to the intermediate 0.52 FRET state. The single-molecule data clearly revealed that the growth or decay of the ensemble stopped-flow signal is not a reflection of a simple one-way progression of the reaction. Rather, they are convolutions of the changes in the populations of multiple intermediate states that interconvert with each other repeatedly until the system reaches the final state.
Recent crystal structures of the gp45-gp44/62-DNA-ADPBeF 3 − complex were reported with both open and closed forms of gp45 (3). The overall structure of gp45-gp44/62 is similar to the eukaryotic RFC-PCNA complex (3). Pertinent to our findings are the observations that (i) on ATP binding the ATPase modules of the subunits organize into a spiral shape that binds the clamp, and (ii) on DNA binding ATP hydrolysis is activated, allowing first clamp closure around the DNA and facilitation of gp44/62 departure as the spiral shape of the module is dissolved, thus weakening gp44/62 interactions with gp45 and DNA.
This analysis is in fine agreement with earlier kinetic studies (11), with the exception being the presumed departure of gp44/ 62 in the absence of gp43. Our data show that binding of gp43 to the gp45-gp44/62-DNA complex leads to gp44/62 loss followed by repositioning to form the HE. Indeed binding of gp43 converts gp45-gp44/62-DNA to HE and involves a transient multiprotein complex composed of gp45, gp44/62, gp43, and DNA (Fig. 5A) . Examination of the crystal structures revealed a binding pocket between the A and A' domains of the A subunit for the C terminus of gp43 (SI Appendix, Fig. S20 ), a region that had been previously implicated by chemical crosslinking and the crystal structure of C-terminal peptide analogs bound to that region of gp45 that is exposed in gp45-gp44/62 structures (5, 34) .
A structural representation of the steps involved in the assembly and disassembly of gp45 and HE on DNA is depicted in Fig. 5B . In the gp45 assembly pathway, gp44/62-ATP binds and stabilizes the open clamp to form a tight gp45-gp44/62 complex (i). This complex rapidly associates with DNA to form a DNAgp45-gp44/62-ATP complex (ii). This complex undergoes a slow rate-limiting conformational change with a rate constant of 0.18 s −1 (iii) that leads to a configuration that is partitioned into two species, complexes 1 and 2 (iv and v), as observed in the dissociation kinetics. Complexes 1 and 2 are composed of gp45 (closed)-gp44/62-DNA, with the former associated with the avidin block, that dissociate with two distinct rate constants (vi and vii). Importantly, in the absence of gp43, the dissociation involves the departure of gp45 along with gp44/62 from the DNA. The gp44/62 in complexes 1 and 2 chaperones gp43 to gp45 and repositions itself on the DNA using ATP hydrolysis (viii). This repositioning is accompanied with the departure of gp44/62 from the gp45-gp43-DNA complex. This ATP hydrolysis-dependent step is immediately followed by slower steps associated with conformational changes to form a stable HE complex (ix and x). The presence of avidin provides an additional repositioning step (x). This HE complex formed on DNA with an avidin block and stayed stably bound on the DNA (xi). However, without the block, the HE dissociated faster from the DNA (xii) but slower than the gp45-gp44/62 complex itself (vi). This observation confirmed the enhanced stability of gp45 on the DNA provided by gp43 in the form of the HE complex.
In conclusion, using the intermolecular FRET between DNA and gp45, we expanded our understanding of the molecular mechanisms of gp45 assembly on DNA by gp44/62 that leads to a successfully assembled HE through observing the intermediates involved in gp45 assembly on the DNA. The initial species involved in the loading process observed in single-molecule studies implicate a multistep loading process not evident in the ensemble kinetics. We identified that ATP binding is sufficient for gp45 loading, but its hydrolysis is absolutely necessary for the exit of gp44/62 from the DNA following the recruitment of gp43. Because of the ATP hydrolysis requirement for gp44/62 exit, HE formation with gp43 is not complete until gp44/62 leaves. gp43 in the form of HE stabilizes gp45 on the DNA, so that gp45 subunit dissociation dictates the stability of the HE. In contrast, we also observed the spontaneous loading of the partially open gp45 that is trapped by gp43 without a gp44/62 chaperone. This process has identical rate constants to the two steps (ix and x) given in Fig. 5 and also generates the HE. Our observations might be indicative of a general phenomenon of clamp loading that extends to other organisms that may or may not have clamp loaders.
Materials and Methods
Steady-State FRET Measurements. Forked DNA, labeled clamp, and other proteins were obtained as in SI Appendix. Emission spectra for gp45 assembly onto DNA were obtained by exciting Cy3-DNA at 514 nm and recording the FRET signal of Cy5-gp45.
Stopped-Flow Kinetics of Clamp Loading and Unloading. Kinetics of gp45 loading by gp44/62 was measured on a Applied Photophysics stopped-flow apparatus equipped with a fluorescence detector. The kinetics was monitored by following the FRET signal change (λ em > 650) on excitation at 514 nm.
Single Molecule Imaging and Data Analysis. Methods for surface preparation and DNA attachment are as given in SI Appendix. The FRET experiments were carried out as in SI Appendix. In a typical single molecule measurement, the concentrations of gp45-Cy5, gp44/62, and ATP or ATPγS were 100 nM, 250 nM, and 5 mM, respectively. The collected images were converted to trace files, and the different FRET states were analyzed using hidden Markov modeling as reported (25) .
